Molecules are ubiquitous in natural phenomena and man-made products, but their use in quantum optical applications has been hampered by incoherent internal vibrations and other phononic interactions with their environment. We have now succeeded in turning an organic molecule into a coherent two-level quantum system by placing it in an optical microcavity. This allows several unprecedented observations such as 99% extinction of a laser beam by a single molecule, saturation with less than 0.5 photon, and nonclassical generation of few-photon super-bunched light. Furthermore, we demonstrate efficient interaction of the molecule-microcavity system with single photons generated by a second molecule in a distant laboratory. Our achievements pave the way for linear and nonlinear quantum photonic circuits based on organic platforms.
I. INTRODUCTION
compatible with the material of the quantum emitter. Open Fabry-Perot resonators, on the other hand, are difficult to stabilize in the cryostat but are conveniently adjustable and can be more easily combined with various materials. In this work, we employ an open, tunable and scannable Fabry-Perot microcavity with very small mode volume (V ) and moderate quality factor (Q) [19] [20] [21] .
II. EXPERIMENTAL
The method of choice for selecting single quantum emitters embedded in a solid is to exploit the inherent spectral inhomogeneity of such a system [11] . By operating at low enough temperatures, the homogenous linewidths of individual emitters become so narrow that they no longer overlap. Thus, a narrow-band laser beam can address the 00ZPLs of the various emitters located in the illumination volume one by one. In our experiment, we used dibenzoterrylene (DBT) of the PAH family embedded in a thin anthracene (AC) crystal (see To produce a Fabry-Perot cavity, we fabricated a curved micromirror at the end of an optical fiber and used a planar mirror [19, 21] , both coated with a dielectric multilayer (see Fig. 1b,c) . The anthracene-filled microcavity exhibited an optical length of 4.7 µm, cavity mode volume of 4.4λ 3 , finesse of 19,000, and Q-factor of 230,000. When placed in our helium exchange gas cryostat at 4 K, residual vibrations broadened the line. This resulted in Q = 120, 000, deduced from the full width at half-maximum (FWHM) κ/2π = 3.3 GHz of a Voigt profile, which was composed of a Lorentzian resonance of FWHM=1.7 GHz and a Gaussian broadening of FWHM=2.3 GHz. In Fig. 1d , we display an overview of the experimental arrangement.
III. RESULTS

A. Transmission and reflection of a laser beam
The presence of an emitter inside a cavity modifies the interference of the fields that result from the reflections between its mirrors. To probe the intracavity field, we exploit the crosspolarized reflection (CPR) that is generated by the birefringence of our cavity, providing an equivalent measure to a transmission recording [19] . The blue symbols in Fig. 2a display a CPR spectrum in the absence of coupling to a molecule, and the blue solid curve shows a fit to these data using a Voigt profile. The black symbols in this figure represent a reference CPR signal when the cavity frequency was detuned by about 20 GHz.
To examine the effect of a single molecule on the optical response of the microcavity, we tuned the resonance of the latter through the inhomogeneous band of DBT:AC and searched for the signature of molecular resonances directly in the cavity CPR spectrum while scanning the laser frequency. The magenta symbols in Fig. 2a present an example, where the cavity transmission drops by 99% when it becomes resonant with a single molecule. In Fig. 2b , we also display a direct transmission measurement recorded through the micromirror (see Fig. 1d ). All features in Figs. 2a and 2b agree, as confirmed by the high quality of the fits using common parameters. However, the signal-to-noise ratio (SNR) is lower in (b) because the numerical aperture of the single-mode fiber holding the micromirror does not match the cavity mode, thus, resulting in a weak signal.
Next, we investigated the remarkably large effect of a single molecule on an incident laser beam further by measuring the direct reflection of the system. The blue symbols in Fig. 2c show the central part of the cavity resonance measured in the absence of molecular coupling.
We note that the cavity resonance does not dip to zero due to imperfect mode matching and remaining vibrations. Nevertheless, the magenta symbols show that when the cavity is brought into resonance with a single molecule, the reflection dip vanishes. We shall present a quantitative discussion of the spectra in Fig. 2a-c as well as the solid theory curves used to fit them shortly. A very useful measure for the efficiency of emitter-cavity coupling is the β-factor defined as the ratio of the power emitted into the cavity mode and the total emitted power [24] .
The β-factor associated with an ideal two-level atom can be computed as
and would correspond to 97.4 ± 0.3% for our cavity. To assess the overall degree of coherence for the resonant interaction between a DBT molecule and an incoming light field, however, we also have to account for losses to the red-shifted channels. Therefore, we arrive at
The strong modification of the molecular emission on the 00ZPL changes its branching ratio α, defined as the fraction of the power in the 00ZPL to the overall emission from the excited state. Our results demonstrate a modification from α ∼ 33% for bulk DBT:AC to
= 95% in the cavity. This implies that we have successfully converted a molecule to a two-level quantum system to within 95%. The obtained high values of α and β have immediate consequences for the efficiency of coherent linear and nonlinear processes at the single-molecule level [12, 13] .
To investigate the radiative modifications further, we took advantage of the axial tunability of our microcavity and recorded a series of CPR spectra at different molecule-cavity frequency detunings. Figure 3a demonstrates the evolution of the molecule-cavity spectral modifications, providing a wealth of quantitative data and a thorough comparison between experiment and theory. In a first simple approach, we fit the observed Fano-like dispersive line shapes using a generalized Lorentzian function. Figure 3b nicely traces the linewidth of the molecular resonance (left vertical axis) and the corresponding Purcell factor (right vertical axis) as a function of the cavity frequency detuning. The data in Fig. 3a can also be analyzed by considering a rigorous theory that treats the interaction of an incoming field with both the molecule and the cavity on the same footing [25] . The solid curves in Figs. 2a-c and 3a show fits to the experimental data with excellent agreement using such a model.
Next, we analyzed the influence of the cavity coupling on the center frequency of the molecular resonance. Figure 3c plots the latter as a function of the cavity-molecule frequency detuning and reveals frequency shifts by up to about ±150 MHz towards blue or red, depending on the sign of the detuning. This can be interpreted as a change in the contribution of vacuum fluctuations to the absolute value of the 00ZPL, i.e. of the Lamb shift [15, 26] . Perhaps somewhat nonintuitively, the correction disappears when the cavity is resonant with the molecular line and peaks at the largest slope of the resonance profile.
This behavior is similar to the well-known AC stark shift proportional to the laser-atom detuning [27] .
To place our parameters in the context of weak and strong coupling regimes, in Fig. 3e-i we present calculated transmission (green) and fluorescence (red) spectra for various cavity linewidths. While the fluorescence spectra clearly show the onset of a line splitting for higher finesse cavities, the splitting between the maxima in the transmission spectrum is nearly independent of the cavity finesse (see dotted vertical lines). The symbols in Fig. 3g show that the experimental data correspond to the transitional regime where the spectrum changes its character from a molecular extinction dip on a broad cavity resonance to one with two split polaritonic resonance profiles at par. The fluorescence spectrum in this region is shortly before bifurcation into two maxima, a signature of strong coupling [15] . A quantitative measure for the onset of strong coupling can be formulated by the exceptional point, where the cavity-molecule coupling rate g satisfies g ep = |κ − γ|/4 [28] . To determine g for our experiment, in Fig. 3d we plot the frequencies of the two maxima that arise in the spectra of Fig. 3a . The splitting at zero detuning directly equals 2g, yielding g = 0.79 ± 0.3 GHz.
Comparison of this value with g ep = 0.82 GHz computed for our system confirms that our experiment is situated right at the onset of strong coupling.
A convenient parameter that connects g, κ and γ is the cooperativity factor C = when dealing with emitters that support multichannel decay. To this end, our measured value of F = 38 reports on the enhancement of γ 0 zpl as a well-defined dipolar transition into a single mode of a cavity. The expression of C, on the other hand, reports on the degree of coherence in the interaction of the molecule as a whole with a photon in the cavity. Thus, to estimate C, we use the total decay rate γ 0 so as to account for the internal loss of coherence through the red-shifted emission paths, arriving at C = 12.7. We note that, in fact, our microcavity values of Q and V let us expect a much higher Purcell factor F ∼ 350 and, thus, even stronger couplings than reported here. We attribute the discrepancy between the measured and predicted Purcell factors to the suboptimal position and orientation of the molecule with respect to the cavity electric field.
C. Phase Shift
The phase shift imprinted by a quantum emitter on a light beam can report on the state of the emitter in a nondestructive fashion. Previous experiments have demonstrated phase shifts of about three degrees applied to a focused laser beam by single molecules in a crystal [12] .
Considering the high cooperativity and coupling efficiency of our system, we should now expect a much larger phase shift. To explore this, we examined the CPR of a laser beam from the cavity, following the protocol described in Ref. [12] .
The black symbols in Fig. 4 show the phase shift affected by the microcavity alone as the laser frequency was scanned across its resonance in the absence of a molecule. The red symbols in that figure display the recorded phase shift of the laser beam under the influence of a single molecule. The solid and dashed curves signify theoretical fits with and without the consideration of power broadening, respectively, allowing us to deduce phase shifts up to φ = ±66
• .
D. Photon Bunching and single-photon nonlinearity
The photon statistics of a laser beam and of a quantum emitter take on very different forms, characterized by intensity autocorrelations g (2) (τ ) = 1 and g (2) (0) = 0, respectively. We now show that an efficient coupling between laser light and a molecule can result in highly nontrivial statistics of the emerging photons [29] . Parts a,c,e, and g of reveals that the lower polariton branch in this case (see Fig. 5b ) has a laser-like nature. The measurement shown in Fig. 5c , on the other hand, presents a nontrivial case of antibunching for the molecule-like branch of the spectrum in Fig. 5d . This antibunching results from the nonclassical interference of the molecular scattering with the intracavity field and provides evidence for the dipole quadrature squeezing, which was recently detected in cavities [30] and in free space [31] . Figure 5e shows that tuning the laser frequency by a bit more than a linewidth (see Fig. 5f ) changes the behaviour completely to a bunching effect. This phenomenon stems from the selective scattering of single-photon components from the Poisson distribution of photons in the incident laser beam [29] , yielding a super-bunched few-photon state [32] . As displayed in Fig. 5g , this effect is maximized at the centre of the resonant molecule-cavity spectrum shown in Fig. 2a . Fitting the data by the theoretical model described in Ref. [33] lets us deduce g (2) (0) = 21, which is among the largest photon bunchings reported to date for a single emitter [34, 35] . In fact, calculations in Fig. 5h show that for C = 12.7 one expects (2) (0) to reach as high as 2.5 × 10 4 if the molecule, cavity and laser frequencies coincide.
The discrepancy with the measured value of 21 is due to the limited detector response time of 50 ps and the residual background light.
The underlying mechanism of the phenomena observed above is that the molecule responds to only one photon at a time. This feature is also responsible for the intrinsic nonlinearity of an atom or molecule, which in turn leads to saturation as the excitation power is increased. We studied the nonlinear response of the cavity-coupled molecule by examining the extinction signal [36] . We find that we reach the saturation parameter of S = 1 for a very low power of 420 pW coupled to the cavity, corresponding to only 0.44 photons per excited state lifetime of 264 ps. This result indicates that the operation regime of our experiment not only provides nearly perfect coupling in the weak excitation limit, but it also opens doors for efficient few-photon nonlinear operations [13, 37] .
E. Single-Photon Reflection
The ultimate frontier of light-matter interaction requires efficient coupling of a single photon and a single quantum emitter. To demonstrate such a "gedanken" experiment, we used a second molecule located in a different laboratory (see Fig. 1d ) as a source of narrow-band single photons (see Ref. [38] for details). The resulting stream of 30,000 photons per second with a FWHM linewidth of 41 MHz was coupled to a single-mode fiber and sent to the laboratory housing the microcavity. The magenta symbols in Fig. 6 present the reflection spectrum of this single-photon stream when the cavity was tuned to resonance with the 00ZPL of the "target" molecule. While the count rate and the shot-noise-limited SNR are lower, the signal reproduces our findings in Fig. 2c , verifying that we also reach a high efficiency in coupling a molecule to single photons. We note in passing that one of the challenges in this experiment concerns tuning the frequency of single photons, which we realized via Stark effect on the "source" molecule.
In future, the degree of mastery demonstrated here can be combined with pulsed excitation of the source molecule and extended to the coupling of two or more photons to a single molecule [13, 37] . Such an experiment establishes a platform for nonlinear quantum optics at its most fundamental level for the realization of gates and for quantum information processing [39] .
IV. DISCUSSION AND OUTLOOK
The large phase shift, nonlinearity at the single-photon level and strongly nonclassical photon statistics demonstrated in this work give access to a range of quantum functionalities such as photon sorting and gates [39, 40] in organic materials. In a next step, chip-based ring resonators [41] and nanoguides [42] will apply these opportunities to nanophotonic circuits. Having reached a highly efficient level of interaction between single photons and single molecules, one can then devise novel linear and nonlinear cooperative effects and polaritonic states, where a controlled number of molecules and photons are coupled via a common photonic mode along the circuit [43, 44] . The practical implementation of these concepts would particularly benefit from the use of polymer media instead of organic crystals for device fabrication. Indeed, the Purcell enhanced radiative rates achieved in our work already compete with and dominate phonon-induced dephasing rates in polymers, which lie in the range of 0.1-1 GHz [45] . In addition to their immediate potential for large-scale organic quantum networks, we expect the selective modification of molecular rates demonstrated in this work to find applications in cooling and trapping of molecules in the gas phase, where closed transitions are desirable [46] and in control of molecular photochemical processes such as photochromic switching [5] .
